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ABSTRACT
MICROSTRUCTURE, WETTING ANGLE AND CORROSION OF ALUMINUM-SILICON
ALLOYS
by
Shvetashva Suri

The University of Wisconsin-Milwaukee, 2016
Under the Supervision of Professors Pradeep Rohatgi and Nathan Salowitz
In this study the effect of composition, surface roughness and water droplet size on
contact angle and corrosion properties of cast Aluminum-Silicon alloys containing Si
from 5% to 50% have been examined. The water contact angle was measured on a given
sample using a goniometer. In addition, the effect of surface roughness and droplet size
on contact angle has been measured for alloys at a fixed composition. The
microstructures can be found in this report with sizes of primary and eutectic Silicon as
well as inter-particle spacing between Silicon. Contact angle measurements are
accompanied with a photographic validation of the water droplet contact angles on the
goniometer. For the samples inspected, the contact angle was observed to generally
increase with roughness and droplet size. The contact angle decreases with weight
percent Silicon for samples roughened with 240 grit and 800 grit sand paper. For fully
polished samples, no clear trend was observed with weight percent Silicon. Lastly, the
corrosion current was measured on all samples in both abraded state and fully polished
state and these values were compared to comment on the change in resistance to
corrosion with weight %Si and change in state of polish. No systematic variation in the
corrosion potential or current was observed with weight percentage of Silicon (Si).
However, a relative peak in corrosion resistance was observed for Al-22%Si for both
abraded and polished samples.
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1. Introduction
To reduce weight in automotive and aerospace industries, for economic and environmental
reasons, Aluminum-Silicon (Al-Si) alloys have become a widely used. Al makes the component
lighter and Si improves the working conditions at ambient and temperatures up to 200oC.
Together, they give the machine components excellent characteristics such as low cost
machinability, castability, high specific strength and recyclability [1].

Aluminum (Al) with Silicon (Si) as the major alloying element forms a major component of all
castings produced and have a wide range of application in automotive, marine and aerospace
industry due to their qualities like castability, mechanical properties, corrosion resistance and
wear resistance. In addition, minor amounts of alloying elements such as Copper (Cu) and
Magnesium (Mg) are added to improve mechanical properties and to improve response to heat
treatment especially in hypoeutectic alloys. The aim of this work is studying the role of
composition and morphology of microstructural constituents (e.g. size of primary Silicon and
eutectic interdendritic Al-Si) on wetting properties and corrosion of Al-Si based casting alloy at
standard environmental conditions.

The most common alloying elements added to Al-Si alloys are Cu and Mg, to improve
mechanical strength and ability to be heat treated at elevated temperatures [2]. However, Cu and
Mg are present in lesser amounts in hypoeutectic alloys such as A356, A360 and A368 used in
this study and to simplify the study, material was classified by its major alloying element,
silicon. These hypoeutectic alloys were selected because they had a substantial amount of Si as
compared to other components. The microstructure of these casting alloys consists of α-Al
1

dendrites surrounded by eutectic Si and many intermetallic phases such as Al2Cu, Mg2Si, Febearing phases etc. The morphology governs the mechanical properties, which in turn is affected
by the cooling rate or modification of chemical composition (e.g. %Si content) [3]. Use of these
alloys above 230oC is limited due to the hardening of Si phases and dissolution of Cu- and Mgphases [3].

1.1 Al-Si Alloys
As discussed in the previous section Al-Si alloys comprise about 85-90% of the total Aluminumcast products produced [4]. Although use of these alloys comes with excellent wear resistance,
fluidity, pressure tightness and shrinkage, they also come at the expense of machinability and
welding characteristics [4].
The Al-Si equilibrium diagram is characterized by two phases: hypoeutectic (having the alloying
element Si in an amount less than 12.6 wt.%) and hypereutectic (containing more than 12.6 wt.%
Si). The hypoeutectic alloys exhibit good corrosion resistance and castability but not very good
wear resistance. The hypereutectic alloys such as 390 and 393, containing 15-25% silicon
exhibit remarkable wear resistance and low Coefficient of Thermal Expansion (CTE), a property
much desired in metallic structures [4].
Fabrication process of Al-Si alloys is the quality control step for making quality Al-Si alloys.
The factors involved in governing the mechanical properties of these alloys are microstructure
and alloy constituents [4]. Grain size, silicon morphology and dendritic arm spacing are some of
the critical microstructural features [4]. Sodium (Na) is normally added to improve the structure
because addition of sodium does not usually modify the morphology of the eutectic phase, but
forms intermetallic Al-Si-Na that provides useful properties [5]. Titanium (Ti), boron (B) and
phosphorus (P) are added for grain refinement and modification to the solidification front [4].
2

Since their machinability is not so good as such, it can be improved by making the Si particles
finer and more evenly distributed [4]. Further improvement in properties of these alloys can be
achieved by additions of small amounts of other alloying elements such as copper (Cu),
magnesium (Mg), zinc (Zn) and nickel (Ni) [4]. For example, good casting properties are
achieved in hypoeutectic alloys by the addition of silicon but addition of copper improves tensile
strength, thermal conductivity and machinability but a reduction in ductility and corrosion
resistance [4]. The iron (Fe) and manganese (Mn), present in hypoeutectic alloys, interact to
cause different morphologies in the pressure die casting process, causing a coarse morphology in
the shot sleeve region and a compact one in the die cavity in the Fe-rich phase.
Al-Si alloys are very attractive because of their ability to refine grains, flexibility in casting
components, modifying structures and application properties. Recently, new methods and
designs are being developed to improve and implement these advantages for synthesizing
composite materials using Al-Si alloys [4]. Table 1 below shows the composition of the two
hypoeutectic alloys A-356 and A-360 which were used in this study.

Table 1: Composition of hypoeutectic Al-Si alloys

Alloy

Silicon

Magnesium Copper

Manganese Zinc

Iron

Type

Min-

Min-Max% Min-

Min-

Min-

Max% Max%

Max%

Max%

Max%

Max%

Trace

A356

6.5-7.5

0.2-0.4

0.2-0.4

0.35

0.35

0.6

0.15

A360

9-10

0.4-0.6

0.6

0.35

0.5

1.3

0.25

3

1.2 Wettability
A superhydrophobic surface is one which can repel water and moisture and can be applied in
making self-cleaning surfaces. Some examples of superhydrophobic surfaces are leaves of
Nelumbo nucifera (lotus leaves), Colocasi esculanta leaves, duck feathers and butterfly wings
[4]. Superhydrophobic surfaces have been applied in fluid industry and water transfer systems
for protection from fouling and inclusion of hazardous material in the flow systems [4].
To achieve self-cleaning with respect to a liquid, differential wettability of the surface is
achieved which can be done by altering two parameters, namely, chemical composition of the
surface and surface roughness [5,6]. An important parameter quantifying the wettability is the
contact angle made by that liquid. Contact angle is defined as the angle made at the solid-liquid
interface by the tangent to the liquid-vapor interface which is measured through the liquid [7].
For a surface to be repellant to wetting by a liquid, the contact angle made by that liquid should
be greater than 90o. Although making changes to the surface features is a more cost effective and
promising approach to making surfaces self-cleaning, several other methods to increase the
water contact angle have also been used, which include coating with a low surface energy
material [8,9], spray atomization [10], micromachining, or etching with low surface energy
molecules [12,15].
Components in water distribution systems such as valves, pumps, plumbing fittings and meters
experience fouling such that these components get blocked due to the build up of water-borne
contaminants [4]. Since these components are usually metallic, these blockages cause the
material to be deteriorated over time in addition to causing inadequacy and inaccuracy in the
flow [4]. Imparting self-cleaning and less wettable characteristics to these surfaces can enhance
anti-fouling and corrosion resistant characteristics of these components which could lead to their
better service conditions [4].
4

2. Background
2.1 Theoretical Consideration
There are two theoretical models used to describe the wetting of a solid substrate by a water
droplet. The first model is one in which entire water droplet is in contact with the solid substrate
called the Wenzel type of contact, in which the contact angle (CA) of a water droplet W is given
by equation (1) [7].
cosw =Rfw coso

(1)

The second model is the rule-of-mixtures model in which there can be air gaps present in
between the liquid and the solid substrate [7]. In this case the contact angle CB of a liquid
droplet with a surface composed of two different fractions is described by equation (2).
cosCB=fScosS+fWcosW

(2)

Figure 1: Schematics of configurations described by the Wenzel equation for the homogeneous interface, [13].

Figure 1 shows a schematic of the Wenzel model. o in equations (1) is the contact angle for a
completely smooth surface,. In the Wenzel model, the roughness factor, Rfw, is defined as the
ratio of actual surface area to flat projected surface area [4]. Higher Rfw makes a hydrophilic
surface more hydrophilic (o is less than 90o) or makes a hydrophobic surface more hydrophobic
((o is gretaer than 90o).
5

It has been studied by Gao and McCarthy [7] that the contact angle depends on the interaction of
the solid and liquid at the three phase interfacial line and not at the entire interfacial or contact
area. In the case of the uniform surface, the fraction of the length of the solid/water interface,
LSW/LSW + LWA, can be determined from solid/water contact area, ASW, and the total contact
area, ASW + AWA , according to Equation (3).

𝑓𝑠𝑤 =

𝐿𝑠𝑤
𝐴𝑠𝑤
≈
𝐿𝑠𝑤 + 𝐿𝑤𝑎
𝐴𝑠𝑤 + 𝐴𝑤𝑎
(3)

The fraction of water can be determined using the fact that fSW + fWA = 1, it can be defined in
terms of fSW according to Equation (4).

𝑓𝑤𝑎 =

𝐿𝑤𝑎
𝐴𝑤𝑎
≈
= 1 − 𝑓𝑠𝑤
𝐿𝑠𝑤 + 𝐿𝑤𝑎
𝐴𝑠𝑤 + 𝐴𝑤𝑎
(4)

It has also been studied that metals and alloys (e.g. Al-Si alloys) have heterogeneous chemical
composition and microstructure at the surface [8] e.g. grains occur in different orientations and
different sizes ranging from micrometers to nanometers in polycrystalline metal surfaces.
Different planar faces along the crystal interfaces have different surface energies and therefore
different contact angles [9-11]. However, McHale [12] points out that in order for equation (2) to
be valid, the droplet size should be large enough as compared to the features of a uniform
surface so that the entire interfacial area can be considered the same.
2.1.1 Fundamentals of Contact Angle
Contact angle is the appeared angle between the droplet and the solid surface under equilibrium
[13]. The equilibrium contact angle is specific for any given system and is a function of the
6

interfacial energies or the surface energies at the interface of solid-liquid, solid-air and liquid-air
interface. The Young-Laplace equation helps to determine the shape of the droplet and the
contact angle plays the role of the boundary condition [13]. Figure 2 shows the contact angle as
the angle between tangents to solid-liquid interface and liquid-air interface.

Figure 2: A water-vapor surface coming to the solid surface at the contact angle of θ.[14]

The net energy change for the propagation of the liquid front for an infinitesimal distance dx
when a liquid droplet in contact with a solid surface making a contact angle θ is equal to
(𝛾𝑆𝐿 − 𝛾𝑆𝑉 + 𝛾𝐿𝑉 cos𝜃)𝑑𝑥, where 𝛾𝑆𝐿 , 𝛾𝑆𝑉 and 𝛾𝐿𝑉 are solid-liquid, solid-vapor and liquid-vapor
interfacial energies, respectively. Thus, for the liquid droplet to be in equilibrium, the contact
angle is given by
cos𝜃 =

𝛾𝑆𝑉 −𝛾𝑆𝐿

(6)

𝛾𝐿𝑉

Equation (6) is called the Young-Laplace equation. From equation (6), it can be seen that three
situations are likely. If (𝛾𝑆𝑉 − 𝛾𝑆𝐿 )/𝛾𝐿𝑉 > 1, equation (6) is not valid but for this special
condition the situation corresponds to that where the liquid droplet completely wets the solid
substrate (θ=0o). If (𝛾𝑆𝑉 − 𝛾𝑆𝐿 )/𝛾𝐿𝑉 < −1, again the equation (6) is not valid but for this special
condition the liquid is completely repelled by the solid surface (θ=180o), and the last situation is
when −1 < (𝛾𝑆𝑉 − 𝛾𝑆𝐿 )/𝛾𝐿𝑉 < 1 in which 0 < 𝜃 < 180𝑜 .

2.1.2 Wenzel model
The equation that governs the contact angle on a rough surface is given by the Wenzel model
taking into account the effect of roughness. If we take into account the asperities and the pits on
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a rough surface, then compared to a smooth surface the rough surface will have more interface
area. A non-dimensional roughness factor Rf > 1 relates the contact angle on a rough surface, 𝜃,
to the contact angle on the smooth surface, 𝜃0 , using surface force balance and empirical
consideration.
cos 𝜃 =

𝑅𝑓 =

𝑑𝐴𝑆𝐿 𝑑𝐴𝐿𝐴
𝑑𝐴𝐹 𝑑𝐴𝑆𝐿

= 𝑅𝑓 cos 𝜃0

(7)

𝐴𝑆𝐿

(8)

𝐴𝐹

Equation (7) is called the Wenzel equation.’ A’ in equation (7) refers to the area, ‘SL’ refers to
solid-liquid interface, ‘LA’ refers to the liquid-air interface and ‘F’ refers to the flat projected
area. Rf , called the roughness factor as described previously is equal to the ratio of the total
surface area , ASL, to the flat projected surface area, AF [13]. The dependence of contact angle on
the roughness factor Rf for a different value of 𝜃0 is shown in figure 3. The Wenzel model
predicts that with an increase in Rf, a hydrophobic surface (𝜃0 > 90°) becomes more
hydrophobic while a hydrophilic surface (𝜃0 < 90°) becomes more hydrophilic [13].

Figure 3: Contact angle for rough surface (θ) as a function of the roughness factor (R f) for various contact angles of the
smooth surface (θ0) [14].
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2.1.3 Rule of Mixture model
The rule of mixture gives the contact angle for a surface composed of two different phases, one
with a fractional area 𝑓1 and contact angle 𝜃1 and the other with fractional area 𝑓2 and contact
angle 𝜃2 , so that 𝑓1 + 𝑓2 = 1 [13]. The contact angle is given by the following equation:
cos 𝜃 = 𝑓1 cos 𝜃1 + 𝑓2 cos 𝜃2

(9)

The rule of mixtures on a macroscopic scale where part of a drop is in contact with air and part
with water. The microscopic rule of mixture is where part of the drop is in contact with air and
part with silicon and the sizes of entities are in micron scale.
Two situations in wetting of a rough surface should be distinguished: the homogeneous interface
without any air pockets shown in figure. 2(a) (called the Wenzel interface, where the contact
angle is given by the Wenzel equation or Eq. 7), and the composite interface with two different
fractions (called the rule of mixtures).

2.2 Al-Si Microstructure
The solidification process of Al-Si alloys occurs by the primary precipitation of dendrites. The
solidification structure of hypoeutectic Al-Si is shown in figure 4 showing the α-Al dendrite
structure in eutectic Al-Si. The primary aluminum grows in the <100> planar direction in
hypoeutectic Al-Si. The dendrtitic structure consists of four secondary arms growing around a
main primary arm. This is true for simple cubic structures [15].
For the cooling process of a molten metal a term undercooling is used which is to cool molten
metal without forming crystals to a temperature below that at which crystallization normally
takes place. The undercooling depends on the cooling rate, the concentration of the alloying
element in the melt and the type of the alloying element [15]. It is a well-established fact that
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undercooling increases with increasing concentration of the alloying element and with increasing
cooling rate [15].

Figure 4: Solidification structure of hypoeutectic Al-Si alloy [36].

As the solidification process continues, Al and Si in the liquid mixture precipitate out
simultaneously in equilibrium with the liquid mixture at constant temperature. This mixture is
called Al-Si eutectic mixture [16-18]. For Al-Si system, this eutectic point is at 12.6 wt. % Si
and a temperature of 577oC. This point is shown on the phase diagram of Al-Si in figure 5.
While referring to Al in solution with Si, a term called α-Al is used instead of pure Al. This is
because Al exists in a form which dissolves 1.6 wt. % Si and this is the maximum solubility of
Si in Al [22]. The solubility of Al in Si is almost negligible. [22].
Commercial Al-Si alloys, especially hypoeutectic, ones contain Cu and Mg in addition to Si.
This leads to a more complicated morphology, solidification structure and process of these
alloys. There is formation of intermetallic compounds in the microstructure due to the presence
10

of Cu, Mg and Fe after eutectic formation [22]. The most common intermetallic compounds and
phases are Al2Cu, Mg2Si, -Al12(Fe,Mn)3Si2 and -Al5FeSi [22]. The morphology and features
of microstructural constituents is affected by cooling rate, e.g. increasing cooling rate makes all
microstructural features refined, decreases SDAS (secondary dendrite arm spacing), changes the
eutectic Si into small rounder particles from elongated plate-like structure and also decreases the
size of intermetallic compounds [22].
As has been observed and discussed in literature, increase of the solute content also refines the
secondary dendrite arm spacing (SDAS) [22]. For Al-Si alloys, especially the hypoeutectic ones,
the finer dendritic arm spacing leads to a more extensive distribution of Si in the interdendritic
region. This property improves the tensile strength and is more prominent in hypoeutectic alloys
with higher Si content, e.g. Al-9 wt. %Si [22].
As described earlier, an increase in solute content leads to a more refined secondary dendrite arm
spacing which leads to better mechanical properties [24]. The microstructure of hypereutectic
Al-Si alloys consists of dendritic -Al surrounded by eutectic interdendritic Al-Si phase which is
formed by Si distributed in the Al-rich phase, as an irregular phase. The eutectic mixture
contains soft Al as matrix and the amount of eutectic mixture depends on level of Si [22].
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Eutectic Point

Figure 5: The schematic phase diagram of Al-Si.

2.3 Creating Surface Roughness
Some methods for creating surface roughness on metal surfaces are etching, deformation,
electrolytic deformation such as anodization, and lithography most of which are not easily
scalable to industry level. Creating surface roughness by adding another material as a coating is
usually not mechanically reliable as it usually lacks mechanical durability. So, methods such as
surface etching with acid solution or mechanical abrasion should be used. The surface of solids
is usually heterogeneous as far as the structure and chemical composition are concerned. If the
heterogeneities occur on a scalable length, then it is possible to create surface roughness using a
selective etching technique. According to Vahid Hejazi [35] et al, in polycrystalline materials,
nanoscale structures can be created at the top of microscale pillars because grain boundaries as
well as the grain surfaces are attacked by the etchant to create nanoscale pores. However,
roughening a surface by rubbing it against sand paper of suitable roughness creates microscale
order of roughness. In this study, microscale roughness was created using mechanical abrasion
while etching was not used.
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2.4 Previous Work Done
Experiments have been performed and various techniques have been developed to change the
wetting properties of surfaces. For composites, concretes and ceramics, introducing
superhydrophobic materials in the bulk rather than on surface would make them waterproof [14].
The same methods can be used for polymers as well. Especially for underwater applications,
experimental data have been collected and models have been tested, which show a good
agreement with each other. Thus, these models can be used to design novel superhydrophobic
composite materials.
It is more difficult to make superhydrophobic surfaces using metals than polymers and ceramics,
because they have higher surface energies than polymers and ceramics [14-16]. A number of
advances, however, have been made in the field of superhydrophobic metallic materials. For
example, in 1950s, Bikerman [17] tested the wetting characteristics of stainless steel surfaces
with different surface finishes and with contact angles around 90o and concluded that increasing
the surface roughness increases the resistance of water droplets to sliding. Qian and Shen [18]
created surface roughness by chemical etching on surfaces of Al, Cu and Zn and studied its
effect on wetting characteristics of these materials. The etchant used was a mixture of
hydrochloric acid (HCl), water (H2O) and hydrofluoric acid (HF) at room temperature.
Shirtcliffe and McHale [19] made superhydrophobic Cu based surfaces using a coating and
investigated the wettability characteristics of these surfaces. Sommers and Jacobi [20] achieved
“anisotropic wettability on Al surfaces by altering the surface microtopography”.
B4C particles have been added to molten Al-7 wt%Si-0.3 wt% Mg alloys, at levels of 5 and 10
wt % using proprietary potassium-aluminum-titanium-fluorine (K-Al-Ti-F) flux [20]. The
resulting composites were then tested mechanically and metallographically in the asmanufactured state and after heat treatment for 48 hours at 500oC and 700oC [20]. Many
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properties were improved such as increase in stiffness, increase in modulus per unit volume
percent particles added. Although little change in mechanical properties was observed by
reaction at 500oC but due to heat treatment at 700oC an increase in stiffness and a decrease in
ductility was observed due to an increase in volume fraction of stiff and brittle phases. Apart
from these, properties of particulate Al-Si composites have been studied by J.U. Ejiofor and
R.G. Reddy [4]. In addition, work has been done at UWM by Vahid Hejazi and Aneidi Nyong
on wetting and investigation of superhydrophobicity of composite surfaces and Cu alloys
respectively.
2.5 Problem Statement
The objective is to study the effect of composition, microstructure, size of water droplet and
surface roughness (by varying the grit number of sand paper) on wetting angle and corrosion
behavior of Al-Si alloys. This study will help identify the microstructure and compositions with
higher contact angles and corrosion rates.
2.6 Approach and Major Tasks
This combination of Al and Si materials was used because while aluminum is a low-weight,
inexpensive, and easy-to-work metal, silicon is easy to clean, and offers more mechanical
strength and a combination of these is very suitable for marine, aerospace and automobile
applications. Al-Si alloys are a major component of marine industry, so their corrosion and
wetting properties become important.
Approach to be followed is that experiments will be conducted on common aluminum silicon
alloys with varying surface roughness and water droplet size to determine the resulting contact
angles. Data will be analyzed across parameters of silicon content, sand paper grit used to
roughen the surface, and water droplet size to determine what factors are important and trends
exist.
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The approach to be followed consists of the following major tasks:1. Preparation of samples from the metal plates obtained from Mercury Marine
2. Mechanical abrasion of prepared samples using polishing with different grit number sand
papers.
3. Giving a wait time of 24 hours to all the samples to allow a uniform formation of oxide
layer on their surface.
4. Measurement of contact angles on the polished samples.
5. Re-polishing the samples to the fully polished state using 1m Alumina slurry.
6. Giving a wait time of 24 hours again for the formation of uniform oxide layer.
7. Measurement of contact angle on fully polished samples.
8. Observation of microstructure of each fully polished sample under optical microscope.
9. Preparation of fresh samples (with same %Si as in samples prepared in step 1) from the
Mercury Marine samples by polishing them with 400 grit sand paper.
10. Again giving a wait time of 24 hours after polishing before doing the corrosion test on
the samples.
11. Doing corrosion test on these samples using corrosion cell and potentiostat.
12. Re-polishing these samples to fully polished state using 1m Alumina slurry.
13. Giving a wait time of 24 hours between polishing and doing the corrosion test.
14. Doing the corrosion test on the samples in the fully polished state.

3. Experimental Section
To determine which wettability model best applies to the Al-Si samples under consideration and
observe the influence of second-phase effects on wettability, experiments are conducted on
aluminum-silicon alloys of varying silicon content. The studies were performed in atmospheric
air, allowing time for native oxide layers to form as would be representative of components in
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working conditions.
Major tasks perfomed for experimental work has been discussed below:

3.1 Sample Preparation.
Aluminum-silicon samples were obtained from Mercury Marine in the form of 5 mm thick metal
plates. Sample preparation was started by first sectioning off 2 cm x 2 cm square pieces from the
5 mm thick metal plates. Finally, to obtain well-supported samples, these pieces were mounted
on hot phenolic resin using a Buehler hot phenolic mounting machine.
3.2 Mechanical Abrasion.
After mounting the samples, the next step was grinding the samples to obtain the required
surface finish. The required surface finish was obtained by polishing the samples using sand
papers with 240, 400, 600, 800 and 1200 grit numbers. This was done by first mechanically
abrading the sample starting with the roughest sand paper (240 grit) to the finest grit (1200). The
higher the grit number, finer is the surface finish provided by it, because grit number is a
reference to the number of abrasive particles per square inch of sand paper. After polishing all
samples with 1200 grit sand paper, micro- and nanoscale roughness was obtained by abrading
each aluminum sample with one of the six grit size pieces sand paper for 30-60 s by rubbing the
samples against sand paper pasted on a Buehler grinding wheel rotating at about 200 rpm. This
process employed is called polishing. After polishing the samples, they were kept in a desiccator
for about 24 hours to allow a uniform layer of oxide to be formed on them. After that, the
samples were taken for measuring contact angle on them. After contact angle had been measured
to obtain fully polished surface the samples were polished with a soft cloth impregnated with 1
μm alumina. This was done to enable microstructural analysis of the samples using optical
microscope. Corrosion testing of the samples was done after microstructural analysis.
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3.3 Wetting Measurement with Different Sized Water Droplets
After the polishing the samples, they were taken to the Self-Organization, Green and Biomimetic
Tribology Laboratory in University of Wisconsin-Milwaukee with a Rame Hart 250 model [38]
goniometer. Contact angles were measured for each sample at least three to four times until a
consistent value was obtained. For each sample 4 L, 6 L, 8 L and 10 L droplets of
Aquafina bottled water were used to measure contact angle. For each droplet size a minimum of
three readings was taken. For each measurement a new droplet was used from the dropping
syringe. Each droplet was placed at a different spot. In between placing the droplets, the last
droplet was wiped with a soft tissue paper. The contact angle reported and used in the graphical
plots is the average contact angle of the measurements made for each size. Rame Hart 250 model
goniometer was used for measuring the contact angle shown in figure 6 below.

Figure 6: Rame Hart 250 model goniometer.

3.4 Microstructure Investigation
For understanding the variation of contact angle with %Si content, the microstructure of all AlSi samples was measured under an optical microscope with a Nikon TSL100 camera and
Clemex Vision V5 [40] software. The microstructure was observed under this microscope. The
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size of primary Silicon was measured. The interparticle spacing between primary Silicon was
also measured. The eutectic Silicon dispersed in the Al matrix was also observed. The
interdendritic spacing of eutectic Silicon was measured. The size of eutectic Silicon was also
measured as shown in figure 7. The microstructure was analyzed at 200x and the length
measurement tool of Clemex Vision V5 [40] software was used to measure the size of primary
Silicon, length of longest interdendritic eutectic Al-Si and spacing between eutectic Al-Si.

Figure 7: Microstructural analysis showing size of interdendritic eutectic Al-Si in Al-24%Si

The pictures of microstructural analysis of all Al-Si samples have been shown in Appendix B.
3.5 Investigation of Corrosion Behavior
The corrosion tests were performed with the following steps: It started by preparing a solution of
1 kilograms of Distilled Water and 35 grams of Sodium Chloride (3.5% of Distilled Water),
adding both components and then mixing it. 3.5% NaCl solution was used because this solution
best represents sea water, against which the corrosion testing needs to be done and the actual
application of the material is set. These conditions at which test are done including the
18

concentration of solution are as per ASTM standard G50-10 (2015). After preparing the solution,
the Corrosion Cell (manufactured by Biologic, capacity 250 ml [41]) started to be prepared by
placing and fixing the working sample (Al-Si alloys) in a way its polished side faces the solution
inside the Cell. Then the solution was poured into the Cell, and finally the Potentiostat
(BioLogic SP 200 [41]), including the Reference electrode (Calomel) and the Counter electrode
(Pt), was connected to the Cell. A Potentiostat is an electronic equipment which consists of and
controls three electrodes and is used to run several electrochemical experiments. The potentiostat
maintains the potential of the sample under observation or the working electrode in comparison
to a reference electrode. This is done by altering the current at an auxiliary circuit consisting of a
counter electrode. Figure 7 below shows a schematic of the potentiostat with CE as counter
electrode, WE working electrode and Ref as reference electrode.

Figure 8: Schematic of a potentiostat. [50]

The Al–Si samples were fixed at working end of the glass corrosion cell such that 1 cm2 of the
sample was in contact with the electrolytic solution in the cell. With the experiment set up, the
software EC-LAB version V10.33 was executed to start the analysis of the corrosion test.
“Generalized corrosion (GC)” was set as the parameter setting of the corrosion test. The open
circuit voltage of the working electrode called Eoc was checked till it became stable. After that,
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the graph to be displayed was adjusted to be “Ewe vs. log[i]”, where ‘we’ refers to working
electrode and ‘i’ is the current running in the corrosion cell, and selecting the folder where the
analysis will be saved, the corrosion experiment could be started.
After an hour of running the potentiostat and the EC-LAB software, each test was done and
ready to be analyzed. After running the test the “Tafel fit curves” also known as
“potentiodynamic polarization curves” were obtained. The analysis of this data was done by
copying the analysis data and the data of the experiment to an excel document, and creating a
graph, using “Ewe” and “log (|<I>/mA|)” as coordinates for the data of the test, in it. After the
Tafel analysis, the software gives the output in the form of Ecorr and Icorr. which represent the
corrosion potential and the corrosion current flowing through the sample.

4. Results and Discussion
4.1 Theoretical predictions of CA
The contact angle on a rough surface, 𝜃, is related to the contact angle on the smooth
surface, 𝜃0 , using surface force balance and empirical considerations, through the nondimensional roughness factor Rf > 1. This relation is shown in equation (7) in section 2.1.2. Rf is
equal to the ratio of the surface area, ASL, to its flat projected area, AF [13].
Ra, which is used to calculate Rf, is defined within an evaluation length as the average of the
height deviations above and below the mean line, and is calculated over that length. The
relationship between the Ra and Rf is not straight forward due to the chaotic irregularity of the
abraded surface generated and therefore, for the purpose of explaining the results, we assume
that the non-dimensional Rf change with Ra [measured in micrometers], is given by the
relationship[14]:
Rf = Ra/(3 + 0.5 Ra) +1

(10)
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Table 2: Contact angles for fully polished (smooth) surfaces of various compositions of Al-Si alloys

Contact angle for
fully polished
samples o

Alloy Composition

Al-22%Si

70.35

Al-24%Si

71.81

Al-25%Si

78.03

Al-32%Si

74.91

Al-50%Si

61.53

In table 2 the measured contact angle values for smooth surface of samples has been provided.
These values were used in calculating the theoretical contact angles using Wenzel model in the
following pages.
Mechanical abrasion of the surface with SiC paper results in the increase of the average surface
roughness hence the roughness factor, Rf. Table 3 on the following page shows the values of
measured contact angles as well as contact angles predicted by Wenzel model for different Al-Si
alloys. The measured angle was averaged across all droplet sizes measured. Droplet size is
known to have an effect on contact angle but is not accounted for in the Wenzel model. Outlier
data was also excluded.
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Table 3: Calculation of Rf value from Ra and prediction of CA from Wenzel model

Composition

Sand
paper
grit

Ra

Rf

Contact
angle
for
smooth
surface

Al-22% Si

240

0.58

1.18

70.35

400

0.342

1.11

70.35

800

0.26

1.08

70.35

240

0.5

1.15

71.81

400

0.328

1.10

71.81

800

0.28

1.09

71.81

240

0.72

1.21

78.03

400

0.7

1.21

78.03

800

0.5

1.14

78.03

240

1.22

1.33

74.91

400

0.546

1.17

74.91

800

0.38

1.12

74.91

240

0.86

1.25

61.53

400

0.78

1.23

61.53

800

0.46

1.14
2

61.53

Al-24%Si

Al-25%Si

Al-32%Si

Al-50%Si

22

Measured
contact angle
71.73
3.02
74.98
2.36
65.29
1.38
73.74
0.47
80.70
2.66
67.9
1.00
71.04
1.22
73.22
1.83
65.54
2.64
67.70
1.65
72.41
1.33
62.14
1.98
65.55
2.12
65.13
3.61
72.5
2.18

Wenzel
predicted
Contact angle
67.19
68.58
68.64
68.89
69.85
70.12
75.41
75.48
76.29
69.62
72.32
73.06
53.4
54.1
57

Al-22%Si
85

Contact Angle (o)

80
75
70
65

Al-22%Si (Predicted)

60

Al-22%Si (Measured)

55
50
240

400

800

Sand Paper Grit Size

Figure 9: Comparison of experimental and Wenzel predicted contact angles for Al-22%Si
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Figure 10: Comparison of experimental and Wenzel predicted contact angles for Al-24%Si
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Figure 11: Comparison of experimental and Wenzel predicted contact angles for Al-25%Si
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Figure 12: Comparison of experimental and Wenzel predicted contact angles for Al-32%Si
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Figure 13: Comparison of experimental and Wenzel predicted contact angles for Al-50%Si

Figures 9-13 graphically show the variation of experimentally measured and theoretically
predicted contact angles. For most of the alloy compositions (except 50%Si), the experimental
contact angle tends to first increase and then decrease, while the theoretical contact angle stays
almost constant. However, for 50%Si, the experimental contact angle tends to always increase.

Effect of composition and surface microstructure on the contact angle
To theoretically predict the contact angle for a composite interface such as that of Al-Si built of
two fractions with fractional areas f1 and f2 such as -Al and silicon phases, the contact angle can
be predicted using following equation (15) [14]:
cos 𝜃 = 𝑓1 cos 𝜃1 + 𝑓2 cos 𝜃2

(11)

where 𝜃1 and 𝜃2 are the contact angles of the fractions, here smooth Al and Si, exposed to the
ambient atmospheric conditions and polished to fully smooth surface finish, respectively.To
predict the contact angle of the different Al-Si alloys using this equation, volume fractions of the
two phases has been calculated using the rule of mixture.
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Table 4: Volume % Si, Al, primary phase and eutectic phase theoretically predicted by lever rule

Sample

% Al

%Si

Al 356
Al 368
Al 360
Al-22% Si
Al-24% Si
Al-25% Si
Al-32% Si
Al-50% Si

93.0
91.0
90.50
78.0
76.0
75.0
68.0
50.0

7.0
9.0
9.50
22.0
24.0
25.0
32.0
50.0

% Primary
Phase
51.14 Al
32.88 Al
28.31 Al
10.76 Si
13.04 Si
14.19 Si
22.20 Si
42.79 Si

% Eutectic
Phase
48.86
67.12
71.69
89.24
86.96
85.81
77.80
57.21

The contact angle of Al exposed to the ambient atmosphere has been reported to be 75.4 o and
the contact angle of Si exposed to the ambient atmosphere has been reported to be 36o at room
temperature [22-23]. This shows that more Si should imply lower contact angle.
Table 5 shows measured and predicted contact angles (predicted by rule of mixtures).
Table 5: Comparison of Measured CA and CA predicted by rule of mixture model

Composition

Measured CA

CA by rule of mixtures

Al-22%Si
71.49
67.09
Al-24%Si
75.62
66.34
Al-25%Si
75.53
65.96
Al-32%Si
81.05
63.34
Al-50%Si
73.9
56.56
It can be seen from Table 5 that the predicted contact angle is in agreement with the
experimental values for lower %Si. As %Si increases the difference between measured contact
angle and predicted contact angle increases.

26

4.2 Experimental Results of Wetting Properties
4.2.1 CA & Si%

Figure 14: Effect of Silicon content on contact angle for 240 grit sand paper

We can clearly observe in Figure 14 that contact angle decreases with increasing Silicon content
for droplet size of 4 L. This is because the contact angle of Silicon is less than that of
Aluminum. In other words, Silicon is more hydrophilic than Aluminum. Therefore, as the
volume fraction of Silicon increases, the surface becomes more hydrophilic and thus the water
contact angle decreases.
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Figure 15: Variation of Contact Angle with Silicon content for samples polished with 800 grit size sand paper

In Figure 15 also we see that for samples polished with 800 grit size sand paper, contact angle
decreases from nearly 80o to about 65o with change in silicon content from 7% to 50%. After
reaching the eutectic composition, the contact angle either gradually decreases from about to 65o
to about 60o or stays nearly constant. This may be explained by the fact that with increase in Si
content, the hydrophilic component increases in volume fraction or surface area fraction because
Silicon is more hydrophilic than Aluminum.
The variation for sample polished with 1200 grit size sand paper for 4 L is a little different than
for other droplet sizes in that it first decreases until 25% Si and then increases sharply for 32%
Si. It starts from about 73o for 22%Si and decreases to about 68o for 25%Si. It then increases to
about 82o. For droplet size 6 L the contact angle increases from 68o to about 80o. For 8 L the
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CA increases from about 72o to about 82o. For 10 L the CA again varies from about 72o to
about 82o.

4.2.2 Droplet size & CA

Figure 16: Contact angle v/s droplet size for samples polished with 240 grit size sand paper for Al-360, Al-24%Si, Al32%Si and Al-50%Si

Figure 16 shows the effect of droplet size on contact angle. It can be seen that contact angle
increases with increasing droplet size for Al-360, Al-24%Si and Al-32%Si. However, for Al50%Si, the contact angle, either remains constant or decreases. When the droplet volume
increases, influence of gravity becomes larger. Therefore, droplets larger than 10 microliter have
not been used in this study. Influence of droplet size in microliter range has been studied in some
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literature [21]. It has been studied that a larger contact angle hysteresis has greater impact of
droplet volume on contact angle [21]. Contact angle hysteresis is caused by the substrate’s
deviation from the ideal surface such as chemical heterogeneity and surface roughness [21].

Figure 17: Contact angle v/s droplet size for samples polished with 600 grit size sand paper

Again, as shown in figure 17, for samples ground with 600 grit size sand paper as well, the
contact angle increases almost linearly for most samples with different Silicon content.
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Figure 18: Variation of Contact angle with droplet size for samples ground with 1200 grit size sand paper

For samples polished with 240 grit size sand paper, it can be seen that contact angle increases
nearly linearly with water droplet size. The only exception to this case is Al-356 which due to
the presence of other elements interacts differently with water. For samples ground with 400 grit
size sand paper as well, the contact angle increases almost linearly for most samples with
different Silicon content.
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4.2.3 CA & Sand Paper Grit Size

Figure 19: Variation of contact angle with sand paper grit size for Al-360

As shown in figure 19, contact angle constantly decreases with increasing sand paper grit
number, as is expected, because with increasing grit number the roughness decreases and with
decrease in roughness, the contact angle decreases. For Al-360 (4 L) the contact angle
decreases from 77o to about 67o. For Al-25%Si (4 L) the contact angle decreases from about
73o to about 64o. For Al-360 (6 L) the contact angle decreases from about 77o to about 70o for
grit size varying from 240 to 1200.
For Al-368 (6 L) the contact angle decreases from about 82o to about 75o for sand paper grit
size varying from 240 to1200. For Al-22%Si (6 L) the contact angle decreases from about 76o
to about 69o for sand paper grit size varying from 240 to 1200. For Al-360 (8 L) the contact
angle decreases from about 82o to about 72o for sand paper grit size varying from 240 to 1200.
For Al-360 (10 L) the contact angle decreases from about 83o to about 67o for sand paper grit
size varying from 240 to 1200.
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Therefore, we see that contact angle decreases with increasing sand paper grit number as
expected. This is because with increase in grit size the roughness of sand paper decreases.
Therefore, for higher roughness the contact angle is higher and vice-versa

4.2.4 Contact angle & Roughness (Ra)
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Figure 20: Variation of Contact angle with surface roughness value (Ra)

For the graphs shown in figure 20 on the previous pages, the contact angle increases with
increasing value of Ra or surface roughness. For Al-360 the roughness value varies between
about 0.33 m to about 0.7 m while the contact angle varies from about 73o to about 86o. For
Al-25%Si sample the roughness value ranges from about 0.5 m to about 0.72 m whereas
contact angle varies from 60o to about 85o for 10 L, from 65o to about 85o for 8 L, from about
62o to about 80o for 6 L and from about 65o to about 72o for 4 L droplet size. For Al-50%Si
the contact angle varies from about 0.86 m to about 2.5 m. The contact angle varies from 65o
to about 75o for 8 L and from 65o to about 80o for 10 L droplet size. It is worthwhile to note
that roughness value does not only depend on sand paper grit size with which the sample is
polished but also on composition or %Si content.

35

4.2.5 3-D Plots
Following section shows 3-dimensional plots plotted using Matlab to show the combined
influence of two of the three parameters i.e. %Si content, sand paper grit number and water
droplet size keeping the third parameter fixed.

Figure 21: Contact angle versus sand paper grit number and %Si for droplet size 4 microliter
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Figure 22: Contact angle versus sand paper grit number and %Si for droplet size 6 microliter

Figure 23: Contact angle versus sand paper grit number and %Si for droplet size 8 microliter
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Figure 24: Contact angle versus sand paper grit number and %Si for droplet size 4 microliter

The 3-D plots showing the variation of contact angle with %Si and sand paper grit number
shows that for droplet size 4 L to 10 L are shown in figures 21-24. The relationship of contact
angle with sand paper grit number is not unique, however with %Si, it shows a well defined
trend. The contact angle tends to decrease with increasing %Si content.

38

Figure 25: 3-D plot showing variation of contact angle with sand paper grit number and droplet size for Al-22%Si

Figure 26: 3-D plot showing variation of contact angle with sand paper grit number and droplet size for Al-24%Si
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Figure 27: 3-D plot showing variation of contact angle with sand paper grit number and droplet size for Al-32%Si

Figure 28: 3-D plot showing variation of contact angle with sand paper grit number and droplet size for Al-50%Si
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The 3D plots of contact angle v/s sand paper grit number and droplet size for %Si varying from
22% to 50% are shown in figures 25-28. They also do not show a unique relationship between
contact angle and sand paper grit number. However, the relationship between contact angle and
droplet size seems to be well defined mostly and shows that CA increases with increasing
droplet size.

Figure 29: 3-D plot showing variation of contact angle with %Si content and droplet size for samples polished with 240
grit sand paper
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Figure 30: 3-D plot showing variation of contact angle with %Si content and droplet size for samples polished with 400
grit sand paper

Figure 31: 3-D plot showing variation of contact angle with %Si content and droplet size for samples polished with 600
grit sand paper
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Figure 32: 3-D plot showing variation of contact angle with %Si content and droplet size for samples polished with 1200
grit sand paper

The 3D plots of contact angle v/s %Si content and droplet size are shown in figures 29-32 for
sand paper grit sizes from 240 to 1200. These relations are pretty well defined, except for grit
number 1200, such that with increasing %Si, the contact angle decreases, and increases with
increasing droplet size.

4.3 Microstructure
The microstructure of all the Al-Si alloys used in this work has been studied. The
microstructural constituents of the alloys such as size of primary silicon, size of interdendritic
eutectic Al-Si and the spacing between eutectic Si have been observed and measured. A
relationship between these quantities and the observed contact angle has been attempted to be
studied. For referring to the different binary compositions and the phases present at that
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composition for calculations by Lever rule, the binary phase diagram shown in figure 5 can be
refered.
Table 6: Microstructural properties: Size of primary Si, spacing between eutectic, size of longest interdendritic observed
for different alloy compositions for Al-Si (samples pre-polished with 800 grit sand paper)

Alloy

Size of Primary Si
(m)

Spacing between
eutectic (m)

A356
A360
A368
Al-22%Si
Al-25%Si
Al-32%Si
Al-50%Si

NA
NA
NA
105.07
106.45
93.86
714.46

27.58
33.88
31.24
136.46
102.87
92.11
252.5

Size of longest
interdendritic
eutectic (m)
27.36
48.25
24.78
5.79
7.37
9.89
6.90

Typical resulting microstructures are shown from Fig.25-81 (appendix B). As shown in table 6
the size of primary Si in hypereutectic alloys increases with increasing weight % Si. Secondly
the spacing between eutectic Al-Si also increases steeply going from hypoeutectic to
hypereutectic. Lastly, the size of longest interdendritic Al-Si also decreases sharply going from
hypoeutectic to hypereutectic. The size of longest interdendritic eutectic Al-Si also decreases
with increasing weight % Si.
Table 7: Microstructural properties: Size of primary Si, spacing between eutectic, size of longest interdendritic observed
for different alloy compositions for Al-Si (samples pre-polished with 240 grit sand paper)

Alloy

Size of Primary Si
(µm)

Spacing between
eutectic (m)

A356
A368
A360
Al-22%Si
Al-25%Si
Al-32%Si
Al-50%Si

NA
NA
NA
163.79
104.76
115
797.32

50.35
20.5
15.45
136.46
110.85
116.74
252.5
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Size of longest
interdendritic
eutectic (m)
19.55
20.5
19.35
5.07
7.57
6.86
7.07

Table 7 also shows that the size of primary Si in hypereutectic alloys increases with increasing
weight % Si. Secondly the spacing between eutectic Al-Si also increases steeply going from
hypoeutectic to hypereutectic. Lastly, the size of longest interdendritic Al-Si also decreases
sharply going from hypoeutectic to hypereutectic. The size of longest interdendritic eutectic AlSi also decreases with increasing weight % Si.

4.4 Corrosion Properties
This section provides the results for variation of corrosion properties with alloy composition. All
the Al-Si samples have been tested for corrosion to study the effect of composition on corrosion
resistance. The procedure for corrosion test has been provided in section 3.5. Apart from the
variation of corrosion properties with weight % Silicon, a study of the variation of properties
with state of polish has also been done.
Table 8: Table of corrosion tests on selected abraded alloy samples

SAMPLE DESCRIPTION

SILICON
%

STATE OF
POLISH

E CORR

Pure Aluminum

0%

Abraded

-923.483 mV

Aluminum - Silicon (Al 356)

7%

Abraded

-712.059 mV

Aluminum - Silicon (Al 368)

9%

Abraded

-835.193 mV

Aluminum - 22% Silicon (Al-22 Si)

22 %

Abraded

-751.258 mV

Aluminum - 24% Silicon (Al-24Si)

24 %

Abraded

-709.915 mV

Aluminum - 25% Silicon (Al-25 Si)

25 %

Abraded

-703.011 mV

Aluminum – 32% Silicon (Al-32 Si)

32 %

Abraded

-769.621 mV

Aluminum – 32% Silicon (Al-32 Si)

32 %

Abraded

-710.959 mV

Aluminum - 50% Silicon (Al-50 Si)

50 %

Abraded

-692.829 mV
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I
CORR
0.307
µA
0.126
µA
0.011
µA
0.015
µA
0.106
µA
0.413
µA
0.041
µA
0.209
µA
0.493
µA

The table 9 shows that the Icorr does not show a systematic variation with weight % Si.
However, it shows a relative minima in Icorr at Al-22%Si and thus a relative peak in corrosion
resistance. The corresponding Tafel plots can be found in appendix C (figures 82-89).
It is known, from an electrochemical point of view, that Si possesses a nobler potential
than Al, so that Al will be more susceptible to corrosion when immersed in some corrosive
environment. Consequentially, as expected, the corrosion resistance should increase with
increasing Si content as well as increasing secondary dendrite arm spacing would provide a
better electrochemical corrosion behavior than a finer dendritic microstructure due to coarser
micostructure. These trends, as recently reported, seem to be due to the different growth
morphologies of the rough and faceted phases which make up the interdendritic eutectic mixture
[23-26]. Figure 21 shows a relatively random variation of corrosion potential with weight
fraction of silicon in abraded samples.

Behavior of E CORR
0
0

0.1

0.2

0.3

0.4

0.5

0.6

-100
-200

E CORR (mV)

-300
-400
-500
-600
-700
-800
-900
-1000

Weight fraction of Silicon

Figure 33: Variation of Ecorr with weight fraction of Silicon for samples abraded with 400 grit sand paper

46

Behavior of I CORR
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Figure 34: Variation of Icorr with weight fraction of Si for abraded samples

The increase in silicon content does not appear to have a systematic effect on the
corrosion potential as shown in figure 33 and thus on the corrosion resistance. As shown in
figure 34 the corrosion current Icorr also shows no systematic variation with weight fraction of
silicon. However, a relative peak in corrosion resistance shown by a minima of Icorr is observed
at 22% Si. It is observed in literature that the corrosion rate decreases with increasing distance
from the metal/chill interface, thus microstructure affects the corrosion resistance as shown in a
previous study [9].
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Table 9: Table of corrosion tests on selected polished alloy samples

SAMPLE DESCRIPTION

SILICON %

STATE OF
POLISH

E CORR

I CORR

Pure Aluminum

0%

Fully Polished

-722.123 mV

0.280 µA

Aluminum - Silicon (Al 356)

7%

Fully Polished

-712.059 mV

0.126 µA

Aluminum - Silicon (Al 368)

9%

Fully Polished

-711.576 mV

0.059 µA

Aluminum - 22% Silicon (Al-22 Si)

22 %

Fully Polished

-154.154 mV

0.005 µA

Aluminum - 24% Silicon (Al-24 Si)

24 %

Fully polished

-74.086 mV

1.111 µA

Aluminum - 25% Silicon (Al-25 Si)

25 %

Fully polished

-683.701 mV

0.946 µA

Aluminum - 25% Silicon (Al-25 Si)

25 %

Fully Polished

-710.469 mV

0.163 µA

Aluminum – 32% Silicon (Al-32 Si)

32 %

Fully Polished

-728.223 mV

0.110 µA
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Figure 35: Variation of Ecorr with weight fraction of Silicon for fully polished samples

Figure 23 shows a non-unique relationship between Ecorr and weight fraction of silicon.
However, it shows a relative peak at Al-24% Si. The table 9 shows the results for fully polished
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samples. It can been seen for most samples the corrosion resistance is higher for fully polished
samples as compared to abraded samples as shown in table 11 below.
Table 10: Comparison of corrosion current for fully polished samples and abraded samples

SAMPLE
SILICON
DESCRIPTION
%

I CORR
I CORR
(Fully
(Abraded)
polished)

Pure Aluminum

0%

0.280 µA

0.307 µA

Aluminum Silicon (Al 356)

7%

0.126 µA

0.126 µA

Aluminum 22% Silicon (Al22 Si)

22%

0.005 µA

0.015 µA

Aluminum 24% Silicon (Al24 Si)

24%

0.106 µA

1.111 µA

Aluminum 25% Silicon (Al25 Si)

25%

0.163 µA

0.413 µA

Aluminum –
32% Silicon (Al32 Si)

32%

0.110 µA

0.209 µA

The corresponding Tafel plots can be found in appendix C (figures 90-93). Figure 24 shows the
variation of Icorr with weight fraction of Silicon. It shows a relative minimum, and therefore a
maximum in corrosion resistance, at Al-22%Si.
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Behavior of I CORR
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Figure 36: Variation of Icorr with weight fraction of Silicon for fully polished samples
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0.35

5. Conclusions
The following conclusions discuss the trends observed in the variation of contact angle of Al-Si
alloys with composition, surface roughness and water droplet size. The results of microstructural
analysis have also been reported and the relationship between microstructural features and
wettability have been reported. Lastly, the corrosion properties of different Al-Si alloys been
measured as a function of the composition and state of polish.
1. As the volume percentage of primary Si increase the contact angle decreases. The water
contact angle decreases from 90o to 60o as the weight % Silicon increases from 22% to
50% for a given degree of roughness and droplet size for samples roughened with 240 or
800 grit sand paper.
2. The water contact angle of all Al-Si alloys studied increases with increasing surface
roughness.
3.

In general, the contact angle increases with droplet size except for Al-50%Si.

4. No systematic variation in corrosion resistance was observed by increasing Si content
from 0 to 50 % in abraded samples. A similar trend was observed for fully polished
samples when %Si was varied between 0 to 32%. A peak in corrosion resistance was
observed at 22%Si for abraded samples and 24%Si for fully polished samples. Lastly,
the corrosion current is lower on polished samples in comparison to the abraded samples.
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6. Future Work
For future work to be built on this work, the effect of droplet size on contact angle could be
studied in more detail. The explanation regarding the increase in contact angle with droplet size
needs to be investigated. Secondly, an explanation should be sought for the reason for Al-50%Si
showing an opposite trend as compared to other compositions for the effect of droplet size on
contact angle. Thirdly, the contact angle can be measured by changing the wait time between
polishing and measurement of contact angle as well as changing the method used for removing
droplets in between measurement of contact angle for different droplets. Further work needs to
be done on study of effect of composition on corrosion behavior. More defined relation needs to
be established between corrosion behavior and state of polish and silicon content.
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Appendix A
Alloy: Al-22%Si
Test 2

72.36
Alloy: Al-22%Si

Sand Paper Grit size: 240
Test 3

Droplet Size: 4L
Test 4

68.44
Sand Paper Grit size: 400

74.38
Droplet Size: 4L

Test 1

Test 2

Test 4

63.92

57.88

63.27

Alloy: Al-22%Si

Sand Paper Grit size: 800

Droplet Size: 4L

Test 1

Test 2

Test 3

66.82

64.92

64.14
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Alloy: Al-22%Si
Test 1

72.47
Alloy: Al-22%Si
Test 1

68.54
Alloy: Al-22%Si
Test 2

66.98
Alloy: Al-22%Si

Sand Paper Grit size: 240
Test 2

Droplet Size: 6L
Test 3

75.89
Sand Paper Grit size: 400
Test 2

75.62
Droplet Size: 6L
Test 3

69.57
Sand Paper Grit size: 800
Test 3

69.34
Droplet Size: 6L
Test 4

72.79
Sand Paper Grit size: 240

72.65
Droplet Size: 8L

Test 2

Test 3

Test 4

80.47

82.94

79.26
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Alloy: Al-22%Si

Sand Paper Grit size: 400

Droplet Size: 8L

Test 1

Test 2

Test 3

Test 4

73.12

74.64

69.10

73.05

Alloy: Al-22%Si

Sand Paper Grit size: 800

Droplet Size: 8L

Test 2

Test 3

Test 4

68.02

66.75

68.20

Alloy: Al-22%Si

Sand Paper Grit size: 240

Droplet Size: 10L

Test 1

Test 2

Test 3

76.74

76.92

78.37

Alloy: Al-22%Si

Sand Paper Grit size: 400

Droplet Size: 10L

Test 1

Test 2

Test 3

75.75

75.98

77.13
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Alloy: Al-22%Si

Sand Paper Grit size: 800

Droplet Size: 10L

Test 1

Test 2

Test 3

Test 4

67.45

66.36

62.70

66.94

Alloy: Al-24%Si

Sand Paper Grit size: 240

Droplet Size: 4L

Test 1

Test 2

Test 3

73.98

74.05

73.20

Alloy: Al-24%Si

Sand Paper Grit size: 400

Droplet Size: 4L

Test 1

Test 2

Test 3

72.34

73.73

68.85

Alloy: Al-24%Si

Sand Paper Grit size: 800

Droplet Size: 4L

Test 1

Test 2

Test 4

67.04

67.66

69.00
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Alloy: Al-24%Si

Sand Paper Grit size: 240 Droplet Size: 6L

Test 1

Test 2

Test 3

75.12

76.86

77.41

Alloy: Al-24%Si

Sand Paper Grit size: 400 Droplet Size: 6L

Test 1

Test 2

Test 3

72.26

76.38

74.35

Alloy: Al-24%Si

Sand Paper Grit size: 800 Droplet Size: 6L

Test 1

Test 2

Test 3

66.08

64.94

66.97

Alloy: Al-24%Si

Sand Paper Grit size: 240 Droplet Size: 8L

Test 1

Test 2

Test 3

81.84

80.89

81.74
60

Alloy: Al-24%Si

Sand Paper Grit size: 400 Droplet Size: 8L

Test 1

Test 2

Test 3

76.38

80.19

78.73

Alloy: Al-24%Si

Sand Paper Grit size: 800 Droplet Size: 8L

Test 1

Test 2

Test 3

64.94

65.15

64.56

Alloy: Al-24%Si

Sand Paper Grit size: 240 Droplet Size: 10L

Test 1

Test 2

Test 3

84.45

83.22

81.06

Alloy: Al-24%Si

Sand Paper Grit size: 400 Droplet Size: 10L

Test 1

Test 2

Test 3

77.19

78.10

79.75
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Alloy: Al-24%Si

Sand Paper Grit size: 800 Droplet Size: 10L

Test 1

Test 2

Test 3

66.22

65.62

66.21

Alloy: Al-25%Si

Sand Paper Grit size: 240 Droplet Size: 4L

70.98
Alloy: Al-25%Si

69.85

Sand Paper Grit size: 400 Droplet Size: 4L

74.22

Alloy: Al-25%Si

72.28

72.27

77.57

Sand Paper Grit size: 800 Droplet Size: 4L

Test 1

Test 2

Test 3

Test 4

61.58

66.76

66.86

66.95
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Alloy: Al-25%Si

Sand Paper Grit size: 240 Droplet Size: 6L

Test1

Test 2

Test 3

Test 4

79.58

77.32

81.00

78.22

Alloy: Al-25%Si

Sand Paper Grit size: 400 Droplet Size: 6L

Test 1

Test 2

Test 3

82.15

81.93

79.69

Alloy: Al-25%Si

Sand Paper Grit size: 800 Droplet Size: 6L

Test 1

Test 2

Test 3

Test 4

62.26

64.99

62.27

65.05

Alloy: Al-25%Si

Sand Paper Grit size: 240 Droplet Size: 8L

Test 1

Test 2

Test 3

84.5

82.52

85.16
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Alloy: Al-25%Si

81.79

Alloy: Al-25%Si

64.92
Alloy: Al-25%Si

80.69

Alloy: Al-25%Si

Sand Paper Grit size: 400 Droplet Size: 8L

80.34

83.71

Sand Paper Grit size: 800 Droplet Size: 8L

64.13

68.78

Sand Paper Grit size: 240 Droplet Size: 10L

78.86

82.26

Sand Paper Grit size: 400 Droplet Size: 10L

Test 1

Test 2

Test 3

85.71

83.48

80.27
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Alloy: Al-25%Si

59.69
Alloy: Al-32%Si

Sand Paper Grit size: 800 Droplet Size: 10L

59.55

67.57

64.97

61.85

69.41

Sand Paper Grit size: 400 Droplet Size: 4L

58.66
Alloy: Al-32%Si

62.35

Sand Paper Grit size: 240 Droplet Size: 4L

66.11
Alloy: Al-32%Si

57.01

61.50

66.11

Sand Paper Grit size: 800 Droplet Size: 4L

61.26

60.43
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61.90

Alloy: Al-32%Si

71.78
Alloy: Al-32%Si

74.26
Alloy: Al-32%Si

61.61
Alloy: Al-32%Si

78.16

Sand Paper Grit size: 240 Droplet Size: 6L

73.20

76.72

Sand Paper Grit size: 400 Droplet Size: 6L

76.50

78.08

Sand Paper Grit size: 800 Droplet Size: 6L

64.68

64.69

Sand Paper Grit size: 240 Droplet Size: 8L

79.48

81.94
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Alloy: Al-32%Si

Sand Paper Grit size: 400 Droplet Size: 8L

76.79

Alloy: Al-32%Si

63.85
Alloy: Al-32%Si

82.75
Alloy: Al-32%Si

79.85

78.62

78.97

Sand Paper Grit size: 800 Droplet Size: 8L

65.70

68.98

68.74

Sand Paper Grit size: 240 Droplet Size: 10L

85.12

84.82

Sand Paper Grit size: 400 Droplet Size: 10L

78.89

80.98
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Alloy: Al-32%Si

66.15

Alloy: Al-50%Si

66.89
Alloy: Al-50%Si

61.07
Alloy: Al-50%Si

51.94

Sand Paper Grit size: 800 Droplet Size: 10L

65.31

60.54

62.61

Sand Paper Grit size: 240 Droplet Size: 4L

66.65

63.11

Sand Paper Grit size: 400 Droplet Size: 4L

66.34

67.99

Sand Paper Grit size: 800 Droplet Size: 4L

58.46

62.96
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Alloy: Al-50%Si

67.57
Alloy: Al-50%Si

65.47
Alloy: Al-50%Si

63.84
Alloy: Al-50%Si

63.98

Sand Paper Grit size: 240 Droplet Size: 6L

67.43

69.19

66.46

Sand Paper Grit size: 400 Droplet Size: 6L

69.76

68.60

Sand Paper Grit size: 800 Droplet Size: 6L

69.55

70.31

Sand Paper Grit size: 240 Droplet Size: 8L

67.04

65.17
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Alloy: Al-50%Si

70.92

Alloy: Al-50%Si

63.25
Alloy: Al-50%Si

68.71

Alloy: Al-50%Si

78.86

Sand Paper Grit size: 400 Droplet Size: 8L

76.71

76.97

Sand Paper Grit size: 800 Droplet Size: 8L

64.26

68.85

Sand Paper Grit size: 240 Droplet Size: 10L

66.49

65.00

Sand Paper Grit size: 400 Droplet Size: 10L

74.94

77.40
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Alloy: Al-50%Si

73.43

Sand Paper Grit size: 800 Droplet Size: 10L

71.37

73.01
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Appendix B

Figure 37: Microstructure for A356 by Optical Microscope showing  aluminum dendrites and Al-Si eutectic

Figure 38: Microstructure for Al-22%Si by Optical Microscope (Primary Si size in right picture), showing primary
Silicon of size 33.49m to 93.16m
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Figure 39: Microstructure for Al-22%Si by Optical Microscope (Eutectic Si size in right picture) showing primary Silicon
particles, aluminum dendrites and Al-Si eutectic

Figure 40: Microstructure for Al-25%Si by Optical Microscope (Primary Si size in right picture)

Figure 41: Microstructure for Al-25%Si by Optical Microscope (Eutectic Si size in right picture) showing primary
Silicon particles of average size 18.79m
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Figure 42: Microstructure for Al-50%Si by Optical Microscope (Primary Si size in right picture)

Figure 43: Size of Primary Silicon for Al-22%Si polished with 240 grit sand paper (average size 163.79m)
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Figure 44: Size of eutectic Si for Al-22%Si polished with 240 grit size sand paper (average size 5.07m)

Figure 45: Interparticle distance between primary Si particles for Al-22% Si roughened with 240 grit size sand paper
(average distance 136.46m)

75

Figure 46: Particle size for primary silicon for Al-24%SI polished with 240 grit size sand paper

Figure 47: Size of primary Si for Al-25% Si polished with 240 grit size sand paper (average size 104.76m)
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Figure 48: Size of Eutectic Silicon for Al-25%Si polished with 240 grit size (average size 7.57m)

Figure 49: Interparticle distance between primary Si particles for Al-25% Si polished with 240 grit size (average distance
110.85m)
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Figure 50: Primary Si particle size for Al-32%Si polished with 240 grit size sand paper (average size 115m)

Figure 51: Size of eutectic Silicon for Al-32%Si polished with 240 grit size sand paper (average size 6.865m)
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Figure 52: Interparticle distance between primary Si particles for Al-32%Si with 240 grit size sand paper(average
spacing 116.74m)

Figure 53: Size of eutectic Si in Al-356 polished with 240 grit size (average size 19.55m)
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Figure 54: Interparticle spacing for eutectic Si in Al-356 polished with 240 grit size (average distance 50.35m)

Figure 55: Microstructure of Al-360 polished with 240
grit size

Figure 56: Size of eutectic Si for Al-360 polished with 240
grit size (average size 19.35m)
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Figure 57: Interparticle distance between eutectic Si for Al-360 polished with 240 grit size sand paper (average spacing
15.45m)

Figure 59: Size of eutectic Si for Al-368 240 grit size sand
paper (average size 20.50m)

Figure 58: Microstructure for Al-368 240 grit size sand
paper
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Figure 60: Interparticle spacing between eutectic Si particles for Al-368 (Average size 20.50m)

Figure 61: Microstructure of Al-356 polished with 800 grit size sand paper showing size of eutectic Si (Average size
27.36m)
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Figure 62: Microstructure of Al-356 polished with 800 grit size sand paper showing interdendritic spacing in eutectic
Silicon at 500x (Average size 27.58m)

Figure 63: Size of eutectic Si for Al-360 sample polished with 800 grit size sand paper at 500x. (Average size 48.25m)
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Figure 64: Interdendritic spacing for Al-360 sample polished with 800 grit size sand paper at 500x (Average spacing
33.88m)

Figure 65: Size of eutectic Si in Al-368 sample polished with 800 grit size sand paper at 500x (Average size 24.78m)
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Figure 66: Interparticle spacing in Al-368 sample polished with 800 grit size sand paper at 500x (Average spacing
31.24m)

Figure 67: Size of eutectic Silicon in Al-22%Si sample pre-polished with 800 grit size sand paper at 500x. (Average size
5.79m)
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Figure 68: Microstructure of Al-22%Si sample pre-polished
with 800 grit size sand paper

Figure 69: Size of primary Silicon in Al-22%Si sample prepolished with 800 grit sand paper (Average size 105.07m)

Figure 70: Microstructure of Al-24%Si at 1000x

Figure 71: Size of primary Silicon in Al-24% Si prepolished with 800 grit size sand paper (Average size
132.61m)
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Figure 72: Al-25%Si microstructure pre-polished with 800 grit size sand paper at 500x showing eutectic Silicon size
(Average size 7.37m)
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Figure 73: Microstructure of Al-25%Si pre-polished with 800 grit sand paper at 200x

Figure 74: Interspacing between primary Silicon particles for Al-25%Si polished with 800 grit size sand paper (Average
spacing 102.87m)
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Figure 75: Size of primary Si in Al-25%Si sample polished with 800 grit sand paper (Average size 106.45m)

Figure 76: Al-32%Si sample showing size of eutectic Silicon at 500x (Average size 9.89m)
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Figure 77: Interparticle spacing between primary Si particles in Al-32%Si sample polished with 800 grit size sand paper
(Average spacing 92.11m)

Figure 78: Size of Primary Si particles in Al-32%Si sample polished with 800 grit size sand paper (Average size 93.86m)

90

Figure 79: Microstructure of Al-50%Si polished with 240
grit sand paper showing porosity

Figure 80: Optical microscope image of Al-50%Si
showing size of primary Si

Figure 81: Interparticle separation in Al-50%Si polished by 240 grit size sand paper
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Figure 82: Microstructure of Al-50%Si sample polished
with 800 grit size sand paper

Figure 83: Al-50%Si sample showing size of eutectic Si

Figure 84: Size of primary Si in Al-50%Si

Figure 85: Interparticle separation in Al-50%Si

Figure 86: Microstructure of Al-50%Si alloy polished
with 1200 grit size sand paper

Figure 87: Size of eutectic Si in Al-50%Si sample polished
with 1200 grit sand paper
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Figure 88: Microstructure showing size of primary Si in
Al-50%Si sample polished with 1200 grit sand paper

Figure 89: Microstructure showing interparticle
separation in Al-50%Si sample polished with 1200 grit
sand paper
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Appendix C

Corrosion Al-24 Si (800 grit)
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Figure 90: Corrosion Al-24 Si alloy (800 grit) – Corrosion test result.

Corrosion Al-25 Si (800 grit)
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Figure 91: Corrosion Al-25 Si alloy (800 grit) – Corrosion test result.
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Corrosion Al-22 Si (400 grit)
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Figure 92: Corrosion Al-22 Si alloy (400 grit) – Corrosion test result.
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Figure 93: Corrosion Al-25 Si alloy (400 grit) – Corrosion test result.
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Series1

Corrosion Al-32 Si (400 grit)
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Figure 94: Corrosion Al-32 Si alloy (400 grit) – Corrosion test result.
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Figure 95: Corrosion Al-32 Si alloy (400 grit) – Corrosion test result.

96

Series1

Corrosion Al 356 (400 grit)
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Figure 96: Corrosion Al 356 alloy (400 grit) – Corrosion test result.

Corrosion Al 368 (400 grit)
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Figure 97: Corrosion Al 368 alloy (400 grit) – Corrosion test result.
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Series1

Corrosion Pure Aluminum (Fully Polished)
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Figure 98: Pure Aluminum (Fully Polished – 1 micrometer) Corrosion test result.

Corrosion Al-24 Si (Fully Polished)
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Figure 99: Corrosion results for fully polished Al-24%Si samples
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Corrosion Al-25 Si (Fully Polished)
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Figure 100: Corrosion results for fully polished Al-25%Si sample

Corrosion Al-32 Si (Fully Polished)
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Figure 101: Corrosion results for fully polished Al-32%Si sample
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Series1

